The effects of ethanol on the brain are concentration dependent. Low concentrations (mM) intoxicate, while greater than 100 mM anaesthetize. Of most relevance to human alcohol addiction are mechanisms of intoxication. Previously, Caenorhabditis elegans has been employed in genetic screens to define effectors of intoxication. Here, we inform interpretation of these studies by providing evidence that ethanol rapidly equilibriates across C. elegans cuticle. Importantly, the effect of ethanol on muscle activity rapidly reaches steady-state, and the concentration-dependence of the effect is very similar in intact animals and exposed muscle. Thus the cuticle does not present an absorption barrier for ethanol, and furthermore the internal concentration is likely to approach that applied externally. Thus, modelling intoxication in C. elegans requires exposure to external ethanol less than 100 mM. Furthermore, the permeability of the cuticle to ethanol enables analysis of precisely controlled concentration-dependent effects of acute, chronic, and episodic ethanol exposure on behaviour.
Introduction
Ethanol has concentration-dependent effects on neural function. In the low millimolar range, equivalent to the drink-driving limit, it has an intoxicating action, which is often associated with a transient excitability, followed by inhibition. At concentrations greater than 100 mM, it has an anaesthetic action and elicits muscle paralysis. Many biological phenomena contribute to ethanolinduced responses. These include the involvement of neuropeptide-Y related pathways, [1] [2] [3] [4] glutamate receptors, 5, 6 GABA receptors, 7, 8 the cAMP signalling pathway, 9 ,10 the BK potassium channel, SLO-1 [11] [12] [13] , and membrane perturbation. 14 Many genes and proteins are conserved between Caenorhabditis elegans and humans, including many of those that have been identified as playing a possible role in the effects of ethanol. 1, 13, 15 This genetic model therefore potentially provides a powerful new insight into the molecular actions of ethanol through the use of forward genetic screens. A number of previous studies have investigated the behavioural response to ethanol in intact animals. Low doses (from 0.1%, 17.4 mM to 0.3%, 52.3 mM) elicit hyperactivity, while higher doses (0.5%, 87.0 mM to 5.1%, 870 mM) decrease motility. [16] [17] [18] A more detailed analysis showed that 100-500 mM ethanol decreased the amplitude of body bends, speed of locomotion, and frequency of egg laying. 13 Previous studies have examined the effects of ethanol on C. elegans behaviour both on agar plates and following complete immersion in saline containing ethanol. In the immersion assays it has been shown that concentrations of 7% (1200 mM) ethanol for more than 6 h are lethal. However, before this time point animals recover within 10 min when removed from ethanol. 6 Overall, these studies show that C. elegans exhibits overt dose-dependent responses to ethanol exposure. Qualitatively therefore, the behaviour of C. elegans in response to alcohol is similar to human behaviour in that it shows hyperactivity, followed by uncoordination and sedation. 17 The effects of ethanol on C. elegans behaviour are observed at higher concentrations than required to exert an intoxicating action in mammalian brain. Indeed, wild-type C. elegans appear remarkably resistant to ethanol. However, all the studies on the consequences of ethanol exposure in C. elegans have been performed on intact animals. Therefore, a key concern is what the internal concentration of ethanol is following external application of ethanol and how this internal concentration relates to the potency of ethanol in the mammalian nervous system. This is particularly pertinent if these assays are to provide insight into the intoxicating, rather than the anaesthetic and toxic actions of ethanol. Ethanol may enter C. elegans either by ingestion or through the cuticle. The cuticle of the worm represents a barrier to the entry of many drugs, 19 and thus it has been proposed that the internal concentration of ethanol in C. elegans is very much less than the external concentration. 20 Here, we have directly addressed this assumption and provide evidence that, contrary to earlier reports, ethanol is likely to reach concentrations internally that are equivalent to the external concentration of ethanol. This is an important consideration for the further use of C. elegans as a model for the study of the molecular and genetic basis for the intoxicating actions of ethanol.
Results
Immersion of C. elegans in ethanol (range 100-500 mM) inhibited, but did not completely abolish, thrashing behaviour ( Figure 1 ). This effect is concentration-dependent and half-maximal at 300 mM ( Figure 1a) . Notably, at each concentration, inhibition reaches a steady-state value within 5 min (Figure 1b) . To investigate the onset of the effect of ethanol in more detail, the assay was repeated and thrashing rates were measured at 1-min intervals for the first 10 min. The thrashing rate was inhibited and reached a maximum inhibition by 3 min exposure (Figure 2a) . Recovery of motility following removal from ethanol was also very rapid ( Figure 2b ). The motility of animals recovered to more than 70% of control within 1 min, and completely recovered by 2 min at room temperature.
To further investigate the concentration-dependence of the effect of ethanol, we employed electropharyngeogram (EPG) recordings of the pharyngeal muscle. This assay has the advantage that it can readily be performed either in animals in which the cuticle is intact (and thus presents a barrier to the access of ethanol to the pharynx) or in animals in which the body is transected (and thus the pharynx is directly exposed to the external medium). The perfused pharyngeal muscle preparation exhibits rhythmic contraction and relaxation defined as a 'pump' at a frequency of 0.15 Hz. When ethanol was added to the perfusate at concentrations greater than 100 mM, aconcentration-dependent inhibition of the muscle activity was observed ( Figure  3 ). This inhibition was rapid in onset and offset (Figure 4) , and the threshold level of inhibition was observed between 100 and 200 mM ethanol, that is, similar to the level for inhibition of thrashing. At concentrations of ethanol of 100 mM and lower, a variable excitation of the pharynx was observed. Similarly, recordings of EPGs from whole animals showed that the concentration-dependence of the effect of ethanol was very similar to that observed in exposed pharynxes ( Figures 3 and 4) , although the time course was slightly slower but consistent with the time to reach steadystate effects in the behavioural assays, that is, approximately 3-5 min.
We employed a protocol adapted from a published method 1, 13 to estimate internal ethanol concentration following exposure to 500 mM ethanol. The estimate we obtained was 1770.5 mM (n ¼ 3) and close to the published values (e.g., 29 mM 13 ). However, this estimate contradicts the data from the pharyngeal assay, which shows that the concentration-dependence of the effects of ethanol on the muscle is similar whether or not the cuticle presents a barrier, that is, that ethanol rapidly equilibrates across the cuticle and that the internal concentration approximates to the external concentration. We therefore suspected that the assay for measuring internal ethanol concentration might provide an underestimate of the true internal concentration.
To resolve this discrepancy, we investigated the accuracy of the biochemical assay for estimating internal ethanol concentration. This procedure requires that the animals be washed in cold buffer before the measurement. The observation that animals exposed to ethanol fully recover from the inhibition of motility within 2 min suggests that a significant amount of ethanol may be lost from the inside of the animals during the protocol. Indeed, because the behavioural effects of ethanol reversed so rapidly, we considered the possibility that the ethanol assay in fact measures residual ethanol in the worm pellet following Before the assay, animals were exposed to either Dent's saline or 500 mM ethanol. At time 0, animals were either removed from ethanol and placed in Dent's saline ('); removed from ethanol and returned to ethanol ( Â ); or removed from Dent's saline and returned to Dent's saline (*). The rate of thrashing thereafter was measured every minute for 10 min. Animals that remained in 500 mM ethanol showed persistent inhibition, whereas the thrashing rate of animals that were never exposed to ethanol was maintained. Each point is the mean7s.e.m.; nX9.
Figure 4
Recordings of pharyngeal activity (EPG) in exposed (a) and intact (b) worms. In (b) the cuticle of the worm is intact. The pharynx consists of radial muscle, which rhythmically pumps to maintain the feeding activity of the animal. Each vertical line represents the electrical activity associated with a single muscle pump; therefore this provides a read-out of the activity of the muscle. Each trace shows 10 min of recording and an example of the inhibitory effect observed with 250 mM ethanol. Ethanol was added and removed from the recording chamber by replacing the solution with a pipette. The duration of application of ethanol is indicated by the bar. The vertical scale bar is 1 mV. Note that the onset and offset of the response to ethanol in (b) is slower than in (a), but the level of inhibition is very similar. 5-HT was included in both experiments to stimulate a basal rate of pumping against which inhibition could be measured. In (a) this was 50 nM and in (b) 1 mM (the cuticle is not very permeable to 5-HT hence the higher concentration required in the intact preparation).
(7)
(7) (7) (6) centrifugation. Therefore, we tested this directly in a further series of experiments in which we determined the influence of wash volume during the assay procedure on the estimate of internal ethanol concentration. The data shown in Figure  5 indicate that the estimate of internal ethanol concentration increases as the volume of the wash buffer decreases.
Discussion
In this study, we have used a combination of behavioural and electrophysiological analyses to define concentrations of ethanol that bring about effective paralysis of C. elegans. First, we showed that ethanol inhibits thrashing behaviour in a concentration-dependent manner and that the effect is rapid in onset and offset. The effect of ethanol reaches a steady-state within 5 min and suggests that the internal concentration has reached equilibrium within this timeframe. There are two possible routes of entry of ethanol into the worm: by ingestion through the mouth and/or directly across the cuticle. Therefore, there are two possible explanations for the steady-state effect on thrashing following immersion in ethanol. If the route of entry is primarily by ingestion, then the steady-state effect of ethanol will be attained when the rate of absorption equals the rate of elimination (by metabolism and/or excretion). Pharmacokinetic theory states that the time to steady-state is independent of the drug concentration and rate of absorption and is determined solely by the elimination rate, such that steady state is achieved at 3-5 times the t1 2 for elimination. Thus, if steady-state concentration were determined by metabolism and/or excretion, then the t 1/2 for ethanol in C. elegans would be approximately 1 min. Although alcohol dehydrogenase activity has been identified in C. elegans 21 it seems unlikely that the half-life for elimination of ethanol from the worm could be so rapid. Therefore, we favour the second, more parsimonious explanation, that is, that the steady-state effect of ethanol is achieved rapidly because ethanol equilibrates across the cuticle. Thus, when the steady-state effect of ethanol is attained, we predict that the internal concentration closely approximates the external concentration. This is not to say that there is no ethanol metabolism in the worm, but rather that on exposure to an excess high ethanol concentration, metabolism will have little impact on the steady-state internal concentration.
To further test whether the internal ethanol concentration rapidly equilibrates with the external concentration of ethanol, we compared the sensitivity of the pharyngeal muscle to ethanol with and without a cuticle barrier. Pharyngeal pumping is an established bioassay for neuroactive compounds 22 and can be performed on a dissected semi-intact preparation of the anterior region of the worm that contains the muscle and the pharyngeal neural circuit or on intact animals in which the cuticle will present a barrier to the access of drugs to the pharynx. The concentration-dependence of the effect of ethanol on the pharynx was very similar in both preparations, although the onset and offset was slower in the intact preparation. It is also of note that the concentration-dependence (4100 mM ethanol for paralytic activity), and the time course (approximately 3-5 min), of the inhibitory effect of ethanol on the pharynx were similar to that for the thrashing behaviour. Furthermore, as the concentration-dependence of the inhibitory effect of ethanol on the pharynx is similar whether it is applied externally or internally, this further supports the contention that the concentration inside the worm at steady-state is most likely to be very near to the external concentration.
To directly test this prediction it is necessary to obtain an accurate estimate of internal ethanol concentration. We employed an established biochemical assay. 13 However, we show that this assay does not provide a credible estimate of internal ethanol concentration. Indeed, the accuracy of the assay is severely limited by the necessity of including a wash step during which we assume that much of the ethanol is lost, by diffusion, from the worm.
Previous studies on the behavioural consequences of ethanol exposure in C. elegans have used animals cultivated on ethanol-containing agar plates. These studies identified SLO-1, a calcium-activated potassium channel homologous to mammalian BK channels, as a molecular determinant of ethanol intoxication. 13 As the mammalian homologue of this channel is activated by ethanol 12 it has been suggested that SLO-1 and BK homologues should be considered as candidate generic effectors during ethanol intoxication. 23 For these studies worms were reported to accumulate 20-30 mM internal ethanol after exposure to 500 mM ethanol. 13 The exposure to ethanol on agar plates is different from the procedure that we used in that the animals are not completely immersed in ethanol but rather are present at an agar ethanol-air interface. This method of exposure may limit the access of ethanol to the worm, and thus the internal concentrations of ethanol achieved in worms exposed to 500 mM ethanol on agar may be less than that reached inside worms in the experiments described here, in which they were immersed in 500 mM ethanol. Nevertheless, in the face of the evidence presented here, it is reasonable to propose that the internal concentrations of ethanol in worms in which behavioural inhibition was observed for 500 mM ethanol, and in which slo-1 was identified as a target for ethanol intoxication, were higher than defined by the centrifugation-based assay. Thus, without an accurate measure of internal ethanol it is not possible to determine whether SLO-1 represents a molecular determinant of the anaesthetic or the intoxicating action of ethanol. In this context, it is interesting to note that slo-1 mutations confer resistance to volatile anaesthetics. 24 Further studies are required on the susceptibility of slo-1 mutants to low concentrations of ethanol to resolve whether this is a genetic determinant of intoxication and/ or anaesthesia.
In summary, to understand C. elegans as a relevant model for human ethanol intoxication, it is necessary to define the concentration dependence of the behavioural responses in the worm. We provide evidence that the C. elegans cuticle does not seem to be a significant diffusion barrier for ethanol when measuring behavioural consequences of ethanol exposure. Accordingly, we recommend that future studies aimed at using C. elegans as a model for ethanol intoxication employ concentrations of less than 100 mM. Furthermore, the permeability of the C. elegans cuticle to ethanol provides the opportunity for precisely controlled, concentrationdependent exposures to ethanol by immersing the animals in an ethanol 'bath.' This may be exploited for further studies on the genetics underpinning the effects of acute, chronic and episodic ethanol exposure on animal behaviour.
Materials and methods
Thrashing assay C. elegans (Bristol strain, N2) were cultured by standard protocols. 25 Before the ethanol assays, L4 stage animals were picked to agar plates, seeded with Escherichia coli (OP50) and left to develop overnight. All assays were performed on young adult animals, in a temperature-controlled room at 201C. Single worms were placed in an embryo dish; containing 1 ml Dent's saline (composition in mM: 140 NaCl, 6 KCl, 10 glucose, 5 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid, 3 CaCl 2 , 1 MgCl 2 , pH 7.4 with bovine serum albumin at 0.1 mg ml À1 ). In liquid, wild type animals exhibit a rhythmic flexing motion centred on the midpoint of the body called 'thrashing'. A single thrash is defined as a complete movement through the midpoint and back. The thrashing rate of each worm in the absence of ethanol was recorded. Three microlitre of Dent's saline containing ethanol was then added to bring the ethanol concentration to the final desired concentration (between 100 and 500 mM) and the dishes were topped up with ethanol solution of the required concentration until they were full to the brim. The dish was then sealed with a glass lid to prevent evaporation of ethanol. Alternatively, as a control, the dishes were filled completely with Dent's saline and sealed. The number of thrashes in a 30 s period was then counted either every minute or every 5 min, as indicated.
Recovery
The number of thrashes per minute of each worm in 1 ml Dent's saline was recorded. The dishes were then filled and sealed as before with ethanol solution or Dent's saline alone (control). After 10 min, the number of thrashes per minute was recorded. The worm was then removed, with minimal ethanol, using a Gilson pipette and placed in a watch glass containing a large excess of Dent's saline. The number of thrashes in a 30-s period was recorded immediately, and every minute for 10 min, for the ethanol treated animals and for the Dent's saline controls.
EPG recordings
The activity of the pharyngeal muscle was measured using EPG as described previously. 26 All experiments were carried out at room temperature (approximately 20741C). Recordings of the activity of the pharyngeal muscle were made via a suction pipette applied to the mouth of the animal. This detects the electrical transients associated with the rapid contractions and relaxations of the pharyngeal muscle. The suction pipette was connected to an Axoclamp 2B-recording amplifier. Data were acquired using Axoscope (Axon Instruments, Molecular Devices Ltd, Berkshire, UK). Recordings were made from intact animals in which undissected adult hermaphrodites were placed in the recording chamber and the suction pipette applied to the mouth. For these experiments, 1 mM 5-HT was included in the Dent's saline to provide a basal pumping rate against which changes in pump rate could be observed. Ethanol was applied to the preparation by manually exchanging the Dent's saline surrounding the preparation with saline containing ethanol by pipette. Recordings were also made from dissected animals in which a cut was made just posterior to the pharynx to expose the pharyngeal muscle. The exposed pharynxes were perfused with Dent's saline at a rate of 4 ml min À1 in order to stimulate basal pumping. Ethanol was applied to the preparation via a semi-sealed perfusion system (4 ml min
À1
) to reduce loss of ethanol by evaporation. In some experiments (as indicated), however, the exposed pharynx preparation was not perfused to directly mimic the situation for the intact preparation and ethanol was added manually as described above. For these experiments 50 nM 5-HT was included in the saline throughout the experiment to stimulate a basal level of pumping against which the effects of ethanol could be measured.
Ethanol concentration assay
The internal ethanol concentration of young adult animals immersed in 500 mM ethanol for 20 min was estimated according to a method adapted from a published protocol. 13 Each assay was performed in triplicate on 500 young adult worms grown as a synchronized population from eggs.
Visual inspection confirmed all eggs hatched. The worms were washed off a plate in Dent's saline (500 ml) and dispensed into an Eppendorf tube. The worms were left to settle and the supernatant was then removed. The worms were washed twice in Dent's (500 ml) to remove any adhering bacteria. They were then re-suspended in 500 mM ethanol (500 ml) and maintained at B201C for 20 min. This exposure time was in excess of that required to produce steady-state inhibition of thrashing, and thus we assumed that the internal ethanol concentration was at equilibrium. To estimate the internal ethanol concentration, the worms were first centrifuged at 41C (1600 g; 30 s) and then kept on ice. Individual incubations were then sequentially subjected to a washing procedure. The incubations were analysed one at a time to minimize the time the worm pellets were left in contact with the ethanol-free wash solution. For the wash step, the ethanol supernatant was carefully removed and the worm pellet was quickly re-suspended in either 50 or 500 ml ice-cold distilled water. In one set of experiments the pellet was not washed. The samples were then subjected to a rapid (20 s) centrifuge step and the supernatant was immediately removed. All these steps were performed in the cold room to ensure efficient temperature control of the small volumes involved. The pellets were re-suspended in 40 ml ice-cold distilled water. The volume was estimated by visual comparison with calibrated tubes. The worms were then lysed by four freeze-thaw cycles in liquid nitrogen and sonication in sealed Eppendorf tubes. Lysis was confirmed by visual inspection. The samples were then centrifuged at 41C and the supernatant removed for analysis. The supernatant from triplicate ethanol incubations were themselves analysed in triplicate using undiluted and fivefold dilution of the supernatant. The ethanol concentration in 10 ml aliquots of these samples was determined using a Randox Blood Alcohol Kit according to the manufacturer's instructions except that each of the components were used at a tenth volume to obtain a linear calibration curve in the 0-100 mM ethanol concentration range.
Materials
Chemicals, salts and ethanol were obtained from standard suppliers at the highest purity available. The Randox Blood Alcohol Kit obtained from Randox Laboratories Ltd, County Antrim, UK (BA106). Embryo dishes obtained from Raymond A Lamb Ltd East Sussex, UK (E90).
